Abstract: Phase-shifted converters are practically important to provide high conversion efficiencies through soft-switching techniques. However, the limitation on a resonant inductor current in the converters often leads to a non-fulfillment of the requirement of minimum load current. This paper presents a new power electronics control technique to enable the dual features of bi-directional power flow and an extended load range for soft-switching in phase-shift-controlled DC-DC converters. The proposed technique utilizes two identical full bridge converters and inverters in conjunction with a new control logic for gate-driving signals to facilitate both Zero Current Switching (ZCS) and Zero Voltage Switching (ZVS) in a single phase-shift-controlled DC-DC converter. The additional ZCS is designed for light load conditions at which the minimum load current cannot be attained. The bi-directional phase-shift-controlled DC-DC converter can implement the function of synchronous rectification. Its fast dynamic response allows for quick energy recovery during the regenerative braking of traction systems in electrified trains.
Introduction
The modern transportation industry focuses on railway electrification technology, which includes many advanced areas, such as materials, sensing, storage, and power electronics. With the rapid development of railway electrification and high speed railway technology, a lot of research areas including power electronics and materials are playing a more important role. Power electronics converters contribute to the bi-directional energy flowing from the traction grid and vehicles, as well as power flowing between different systems within a vehicle. Researchers have conducted lots of work to improve the performance including a high efficiency, less harmonics, and fast response. For example, the use of electric double layer capacitor sets for boosting voltages of contact lines in different kinds of railway traction systems is investigated [1] to better adopt the energy storage systems to reduce voltage drops and improve the stability. The popular wireless power transfer technology is also enhanced and utilized in high power applications, especially electric railway systems [2] , where the power capacity, fast response, and reliability are all guaranteed. To meet the requirement of a high voltage conversion ratio with small ripples, an asymmetrical DC-DC converter is proposed [3] for fuel cell and solar energy applications. In certain new applications such as a microgrid, the coordinated control strategy 2 of 17 of an interlink DC-AC converter is investigated to achieve high conversion efficiency [4] considering the state of charge of batteries and load shedding.
In the field of topology, a new three-phase to single-phase cascade converter in a traction substation is developed for the power supply system, which is based on three-level neutral point clamping and could match the capacity of the converter for a high voltage application [5] . A dual active bridge DC-DC converter with ZVS capacitors [6] was provided and tested in railway systems with a power level of 80 kW whose efficiency is quite high. Similarly, a proposed multi-resonant three-port bi-directional converter [7] could guarantee the ZVS of all switches by adjusting the driving frequency under different load conditions. A new bidirectional single stage full bridge topology with a high power factor and better dynamic characteristic is introduced which leads to small harmonics [8] . Similarly, a bidirectional topology of a non-inverting buck-boost converter is also investigated [9] in an islanded-mode microgrid. In the field of control, a new control signal generating methodology and predictive power control of converters [10, 11] in an electrified railway system was proposed to limit the current harmonics of the grid with a fast response feature, as well as stabilizing the neutral point voltage. The voltage level and phase angle control methodology of the static converter is studied which has great potential for a railway system [12] .
Since ZVS could minimize the switching losses of power switches, there are many resonant converters including a phase-shifted DC-DC converter [13] [14] [15] applying ZVS for the operations of power switches so as to increase the overall conversion efficiency. In [15] , an adaptive phase shift control method was proposed with the automatic detection of load conditions and higher efficiency at light load compared to fixed phase shift control. However, the efficiency would undoubtedly drop with the output power level and is known to be poor at light load when fixed phase-shift control is adopted. Meanwhile, there is a minimum load constraint for those converters requiring the inductor current flowing through the active switch during the ZVS transition to be large enough in order to charge and discharge the energy stored in stray capacitances of resonant rank.
For the sake of minimizing the size of the resonant inductor used to store sufficient energy for the lagging leg of the inverter bridge to achieve ZVS under a light load condition, many different improvement methods have been proposed, for example, a combined phase-shift control algorithm and frequency modulation was proposed to achieve ZVS over the full load range in [16] ; new control methods [17] [18] [19] [20] were used for the converters under a light load condition to improve efficiency; a converter containing two paralleled half-bridge inverters and an auxiliary inductor on the primary side is proposed [21] , which allows the stored energy for ZVS operation to change adaptively with duty-cycle and thus reduces the output filter inductance; phase-shift control with an L-C-L filter could also be utilized for ZVS to improve the performance [22] ; DC link voltage was adjusted dynamically by power factor correction (PFC) in order to relieve the stress on semiconductor switches and improve the converter efficiency [23] ; a two-stage isolated bi-directional DC-DC converter was investigated [24] which could enlarge the ZVS region by interleaving the converter with supercapacitors; dead-time for the lagging leg of the inverter bridge was adjusted predictively to assist the switches to perform ZVS at light load [25] ; two additional switches were connected in parallel with the lagging leg of the inverter bridge to reduce switching loss under light load [26, 27] ; a novel ZCS-ZVS power factor correction PFC converter was proposed [28] with an efficiency of higher than 97%; two additional low-current diodes were added to the center-tap of a transformer secondary to improve ZVS at light load [29] ; some other researchers proposed different control methods [30, 31] and accomplished ZCS for the lagging leg, while retaining ZVS for the leading leg [31] . Improved ZVS techniques for the active switches of the forward converter are also adopted [32] in order to reduce switching and conducting losses to deal with PV power and wind energy. Although, the performance of these converters has been improved greatly, they cannot be used for applications requiring bi-directional power flow.
Other research works have been done to improve the load range problem for bi-directional phase-shifted converters, for instance, an active clamping branch with a Pulse Width Modulation (PWM) control algorithm was proposed to realize ZVS for all switches over a wide range of load [33, 34] ;
Energies 2017, 10, 1532 3 of 17 a small inductor was proposed to be connected at the secondary of the power transformer to extend the load range [35] . These above-mentioned methods require either additional circuitries or complicated control logic.
In this paper, a new control method for a bi-directional phase-shift-controlled DC-DC converter is proposed. It can provide a path for reverse power flow and an extended load range for a light load condition without any supplementary circuitries. Furthermore, the proposed control method incorporates the gate drive logic for synchronous rectification so as to further improve the overall performance of the converter. A mathematical model is provided to demonstrate the principle and advantages of the proposed control method, including the linear output voltage with phase shift and achieving ZVS at light load. As the improved converter does have a fast dynamic response, it can be used for energy recovery during regenerative braking for the powertrain system of an electrified train, while high power density supercapacitors made of nano-/micro-structured materials are used as the energy storage. Figure 1a presents a circuit topology of the proposed bi-directional phase-shift-controlled DC-DC converter which adopts ZCS in the left leg and ZVS in the right leg of the inverter-bridge so as to extend its load range to light load. The improved converter retains the bi-directional power flow capability with synchronous rectification [7, 8, 36] and offers linear output voltage control.
condition without any supplementary circuitries. Furthermore, the proposed control method incorporates the gate drive logic for synchronous rectification so as to further improve the overall performance of the converter. A mathematical model is provided to demonstrate the principle and advantages of the proposed control method, including the linear output voltage with phase shift and achieving ZVS at light load. As the improved converter does have a fast dynamic response, it can be used for energy recovery during regenerative braking for the powertrain system of an electrified train, while high power density supercapacitors made of nano-/micro-structured materials are used as the energy storage. Figure 1a presents a circuit topology of the proposed bi-directional phase-shift-controlled DC-DC converter which adopts ZCS in the left leg and ZVS in the right leg of the inverter-bridge so as to extend its load range to light load. The improved converter retains the bi-directional power flow capability with synchronous rectification [7, 8, 36] and offers linear output voltage control.
The topology of the improved converter consists of an inverter-bridge and a converter-bridge connected with a high-frequency power transformer K. As shown in Figure 1a , the inverter bridge is constructed with four MOSFETs, Q1-Q4, and the converter bridge is constructed with four MOSFETs, M1-M4. DQ1-DQ4 and DM1-DM4 are body diodes of MOSFETs, CQ1-CQ4, and CM1-CM4 are resonant capacitances that include the MOSFETs' stray capacitance and other resonant capacitors. Lres is the resonant inductor that includes the total leakage inductance of the transformer and additional resonant inductor. Cin is the input filter capacitor and Co is the output filter capacitor. Rload is the load resistance. Driven with the proposed control logic, the converter can then operate in both directions and achieve soft-switching for an extended load range. The details of the control logic of gate drive signals will be described in the next section. In contrast, the secondary side of a conventional phaseshifted converter is a full bridge or half bridge rectifier composed of uncontrollable diodes, while there is a filter inductor in series with the output side, as shown in Figure 1b . The topology of the improved converter consists of an inverter-bridge and a converter-bridge connected with a high-frequency power transformer K. As shown in Figure 1a , the inverter bridge is constructed with four MOSFETs, Q 1 -Q 4 , and the converter bridge is constructed with four MOSFETs,
are body diodes of MOSFETs, C Q1 -C Q4 , and C M1 -C M4 are resonant capacitances that include the MOSFETs' stray capacitance and other resonant capacitors. L res is the resonant inductor that includes the total leakage inductance of the transformer and additional resonant inductor. C in is the input filter capacitor and C o is the output filter capacitor. R load is the load resistance. Driven with the proposed control logic, the converter can then operate in both directions and achieve soft-switching for an extended load range. The details of the control logic of gate drive signals will be described in the next section. In contrast, the secondary side of a conventional phase-shifted converter is a full bridge or half bridge rectifier composed of uncontrollable diodes, while there is a filter inductor in series with the output side, as shown in Figure 1b. 
Analysis of the Circuit Operation
The improved converter employs a new control logic that can not only implement the phase-shift algorithm, but also provide bi-directional power flow control and synchronous rectification. Figure 2 illustrates the gate drive signals of the proposed control method, where V GQ1 -V GQ4 and V GM1 -V GM4 are the gate drive signals applied to Q 1 -Q 4 and M 1 -M 4 , respectively, V pri and I pri represent the primary voltage and current, respectively, and V sec represents the secondary voltage. 
The improved converter employs a new control logic that can not only implement the phaseshift algorithm, but also provide bi-directional power flow control and synchronous rectification. Circuit analysis of the improved converter will be focused on the light load condition, though it is equally applicable to the normal load condition where the converter would have similar characteristics as conventional phase-shifted topology, except that the output inductor is removed in the improved converter and therefore requires a higher resonant load current in order to achieve soft-switching. This is why the improved converter is aimed at the application with a very wide range of loading, such as energy storage for fluctuating sources.
As the working principles of positive and negative half cycles are similar, only the positive half cycle is described, as shown in Figure 3 . There are six modes in each half cycle.
Mode 1-Dead Time (t0 < t < t1) M1-M4 are off. Q4 is on, and the transformer primary current i(t) is zero, Q3 is therefore turned off under ZCS. Energy stored in Co is delivered to Rload. The period of this mode is called dead-time, which is used to prevent Q1 and Q2 from shoot-through problems.
Mode 2-Left Leg ZCS Transition (t1 < t < t2) Transformer primary current is still zero, and Q1 is therefore able to be turned on under ZCS. Simultaneously, M1 and M4 are also turned on under ZCS. Vin is then applied to the transformer primary, and its secondary is maintained at Vo.
Mode 3-Power Transferring (t2 < t < t3) Q1, Q4, M1, and M4 keep conducting, while the primary side current is circulating as described by the function of ion(t). Detailed calculations will be given in the Mathematical Analysis of the Circuit.
Mode 4-Right Leg ZVS Transition (t3 < t < t4) Q1 keeps conducting, and Q4 is now being turned off. Primary current ion(t) will charge up CQ4 and discharge CQ3 at the same time. When the voltage across CQ3 drops to zero, DQ3 is then conducting, and subsequently, Q3 can be turned on under ZVS. M1 and M4 will be turned off in this mode.
Mode 5-Freewheeling (t4 < t < t5) Q1 and Q3 remain on and there is no voltage at the primary side of the transformer. Meanwhile, energy stored in Lres is delivered to Rload through M1 and M4. The primary current is circulating as Circuit analysis of the improved converter will be focused on the light load condition, though it is equally applicable to the normal load condition where the converter would have similar characteristics as conventional phase-shifted topology, except that the output inductor is removed in the improved converter and therefore requires a higher resonant load current in order to achieve soft-switching. This is why the improved converter is aimed at the application with a very wide range of loading, such as energy storage for fluctuating sources.
Mode 1-Dead Time (t 0 < t < t 1 ) M 1 -M 4 are off. Q 4 is on, and the transformer primary current i(t) is zero, Q 3 is therefore turned off under ZCS. Energy stored in C o is delivered to R load . The period of this mode is called dead-time, which is used to prevent Q 1 and Q 2 from shoot-through problems.
Mode 2-Left Leg ZCS Transition (t 1 < t < t 2 ) Transformer primary current is still zero, and Q 1 is therefore able to be turned on under ZCS. Simultaneously, M 1 and M 4 are also turned on under ZCS. V in is then applied to the transformer primary, and its secondary is maintained at V o .
Mode 3-Power Transferring (t 2 < t < t 3 ) Q 1 , Q 4 , M 1 , and M 4 keep conducting, while the primary side current is circulating as described by the function of i on (t). Detailed calculations will be given in the Mathematical Analysis of the Circuit.
Mode 4-Right Leg ZVS Transition (t 3 < t < t 4 ) Q 1 keeps conducting, and Q 4 is now being turned off. Primary current i on (t) will charge up C Q4 and discharge C Q3 at the same time. When the voltage across C Q3 drops to zero, D Q3 is then conducting, and subsequently, Q 3 can be turned on under ZVS. M 1 and M 4 will be turned off in this mode.
Mode 5-Freewheeling (t 4 < t < t 5 ) Q 1 and Q 3 remain on and there is no voltage at the primary side of the transformer. Meanwhile, energy stored in L res is delivered to R load through M 1 and M 4 . The primary current is circulating as described by the function of i off (t) (detailed calculations will be given in the Mathematical Analysis).
Mode 6 (t 5 < t < t 6 ) Q 1 and Q 3 keep conducting, while the primary current reaches toward zero, then the body diodes D M1 and D M4 are reversely biased, which eventually isolates C o and R load electrically. It is assumed that C o is sufficiently large, and therefore V o can be maintained at a nearly constant rate. Mode 6 (t5 < t < t6) Q1 and Q3 keep conducting, while the primary current reaches toward zero, then the body diodes DM1 and DM4 are reversely biased, which eventually isolates Co and Rload electrically. It is assumed that Co is sufficiently large, and therefore Vo can be maintained at a nearly constant rate. 
Mathematical Analysis of the Circuits
In this section, a mathematical model will be developed, and it can be used to find out the extended load range at light load condition and the linear control region for the output voltage. This model includes the DC characteristics of the improved converter and load ranges for ZVS and ZCS.
Without a loss of accuracy for the circuit operation, the following assumptions were made in the derivation of mathematical equations:
1. The improved converter has a very high conversion efficiency, so power loss is negligible, and this is generally acceptable for converters using a soft-switching technique that can effectively minimize the switching losses 2. Output capacitor Co is sufficiently large to hold the converter output voltage at nearly constant 3. Internal resistance of the transformer windings, inductors, and capacitors is negligible.
In addition, some common terms used for the calculations are defined in Table 1 . 
The improved converter has a very high conversion efficiency, so power loss is negligible, and this is generally acceptable for converters using a soft-switching technique that can effectively minimize the switching losses 2.
Output capacitor C o is sufficiently large to hold the converter output voltage at nearly constant 3.
Internal resistance of the transformer windings, inductors, and capacitors is negligible.
In addition, some common terms used for the calculations are defined in Table 1 .
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Normalized load resistance n 2 R load /Z o
DC Characteristics
Derivation of the DC characteristics of the converter will be done based on the first assumption that power loss is negligible, so the input energy is equal to the output energy for the improved converter.
The converter only takes in energy from V in in mode 3 of the operation (i.e., the power transferring stage), where t 2 ≤ t ≤ t 3 , and t 3 − t 2 = DT/2. Figure 4a shows the input energy, W in during the power transferring stage, and the output energy of the converter for a half cycle is W out , where:
and I peak represents the transformer's peak primary-side current. As W in = W out : Figure 4b shows an equivalent circuit of the converter during this stage, where the definitions of relevant equations are listed in Table 2 .
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Maximum Load Current for Left Leg to Achieve ZCS
Though, the improved converter can extend the load range with soft-switching for light load application, a design constraint does still exist as there is an upper limit of the transformer primary current for the left leg to achieve its ZCS. Figure 5 illustrates four scenarios where the active switches of the left leg in the inverter bridge will encounter, where Ip represents the primary current of the transformer. In Figure 5a , it performs a ZCS as per our proposed method under a light load condition. In Figure 5b , it shows a marginal situation where ZCS is still achievable when the transformer primary current continues to increase. Once the primary current is higher than the marginal limit, the active switches cannot achieve ZCS. Moreover, if the primary current cannot meet the minimum load requirement of the conventional phase-shifted converter, these active switches are not able to perform ZVS, as illustrated in Figure 5c . 
Equations Definition
i on (t) primary current of transformer i R (t)/n primary referred secondary current of transformer i C (t)/n primary referred secondary current of output capacitor nv c (t) primary referred secondary output voltage of converter n 2 R load primary referred secondary load resistance C/n 2 primary referred secondary output filter capacitance
Then, the circuit model can be represented by:
Transformed into the s-domain, Equations (4)- (7) can be solved and the primary current I on (s) is:
Then, taking an inverse Laplace transform, Equation (8) becomes:
where
, and 2C o R load 1, Equation (9) can be simplified as follows:
Putting t = D T 2 into Equation (10), the peak primary current can be obtained as:
Substituting Equation (11) into Equation (3) yields the voltage conversion ratio of the improved converter, i.e.,
Since the output voltage of power transferring stage can be assumed as constant, the current waveform i on (t) can be regarded as a straight line and I peak can be obtained according to Equation (4) and Figure 4a as:
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Substituting Equation (13) into Equation (3) to derive:
Solving Equation (14) to get the equation:
The voltage conversion ratio of the improved converter can be solved by Equation (15) and should match with the result given in Equation (12) . A derivative of Equation (12) with respect to D is taken to check whether the output voltage can be controlled linearly proportional to the change of phase shift D, that is:
As the denominator of Equation (13) is always positive, an assumption can be made that the numerator of Equation (16) is also positive, i.e.,
Taking the square of both sides of Equation (17):
As inequality (18) is always true, the assumption holds, and
will always be positive. This implies that the output voltage of the converter is a linear function of phase shift. This is particularly important for design engineers to design the feedback control system, because there is no special safeguard needed to limit the range of the control variable beyond a reverse control region as exhibited in the variable frequency resonant load converter.
Maximum Load Current for Left Leg to Achieve ZCS
Though, the improved converter can extend the load range with soft-switching for light load application, a design constraint does still exist as there is an upper limit of the transformer primary current for the left leg to achieve its ZCS. Figure 5 illustrates four scenarios where the active switches of the left leg in the inverter bridge will encounter, where I p represents the primary current of the transformer. In Figure 5a , it performs a ZCS as per our proposed method under a light load condition. In Figure 5b , it shows a marginal situation where ZCS is still achievable when the transformer primary current continues to increase. Once the primary current is higher than the marginal limit, the active switches cannot achieve ZCS. Moreover, if the primary current cannot meet the minimum load requirement of the conventional phase-shifted converter, these active switches are not able to perform ZVS, as illustrated in Figure 5c . When the load current meets the minimum load requirement, these active switches will operate with ZVS, as shown in Figure 5d .
Energies 2017, 10, 1532 9 of 17 situation where ZCS is still achievable when the transformer primary current continues to increase. Once the primary current is higher than the marginal limit, the active switches cannot achieve ZCS. Moreover, if the primary current cannot meet the minimum load requirement of the conventional phase-shifted converter, these active switches are not able to perform ZVS, as illustrated in Figure 5c . When the load current meets the minimum load requirement, these active switches will operate with ZVS, as shown in Figure 5d . Maximum load current I ZCS(max) for the converter to maintain ZCS is a prerequisite parameter for system design. The following section will elaborate on the derivation of I ZCS(max) in detail.
As shown in Figure 2 , the transformer primary current decreases to zero during t 4 ≤ t ≤ t 5 (i.e., freewheeling stage), where t 5 − t 4 = kT/2, and k is a ratio of free-wheeling time over a half period of the switching cycle. Figure 6 shows the equivalent circuit for the active switch performing ZCS during the freewheeling stage, where i off (t) is the transformer primary current. At t = t 4 , the energy stored in L res is delivered to R load , and the circuit operations can be described by the following equations:
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As shown in Figure 2 , the transformer primary current decreases to zero during t4 ≤ t ≤ t5 (i.e., freewheeling stage), where t5 − t4 = kT/2, and k is a ratio of free-wheeling time over a half period of the switching cycle. Figure 6 shows the equivalent circuit for the active switch performing ZCS during the freewheeling stage, where ioff(t) is the transformer primary current. At t = t4, the energy stored in Lres is delivered to Rload, and the circuit operations can be described by the following equations: (19)- (22) can be solved and the primary current is:
Taking an inverse Laplace transform for Equation (23), we get:
Applying the same approximations as in the DC Characteristics, the transformer primary current can be solved as follows:
At the end of freewheeling, the primary current will be zero, i.e.,
, so
Solving Equations (11) and (27), we can obtain:
1, Equation (28) becomes:
Solving Equations (12) and (29), we can get the time ratio for freewheeling stage as:
where D + k = 1 when the active switches are performing a marginal ZCS, as shown in Figure 5b . Then, Equation (30) becomes:
Substituting Equation (31) into Equation (12), we can eventually work out the maximum load current, I ZCS(max) , for the improved converter to achieve ZCS at the left leg, i.e.,
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Minimum Load Current for Right Leg to Achieve ZVS
The minimum load current needed for the right leg to achieve ZVS is similar to the requirement for the conventional phase-shifted converter; however, for the sake of completeness, the calculation is summarized as below.
As the primary current is required to be sufficiently high in order to discharge the energy stored in a resonant capacitance of the active switch that will be turned on under a zero voltage condition and simultaneously charge up a resonant capacitance of the other switch at the right leg, the resonant inductor L res must therefore store a sufficient amount of energy before performing ZVS and the inductance energy is:
and the total energy required to charge and discharge the stray capacitances is:
where C sum = C Q3 + C Q4 . Solving Equations (33) and (34), we get:
Substituting Equation (35) into Equation (11), we obtain the minimum phase shift for ZVS as:
Finally, putting Equation (36) into Equation (12) yields the minimum load current I ZVS(min) for the improved converter to achieve ZVS at right leg, i.e.,
Extended Load Range of the Improved Converter
For the conventional converter, the efficiency will drop significantly at a light load condition as a result of the failure of active switches to achieve ZVS. This is why resonant converters including phase-shifted topology will be more favorable for high power applications. Besides, the operation of the conventional phase-shifted converter at light load may not only have a lower efficiency, but also generate excess heat loss that will definitely impair the lifetime of electronic components, and the converter may in some cases crash due to overheating. With the proposed technology, the active switches of the converter losing ZVS are now able to perform ZCS instead in case the load current is larger than I ZVS(min) in Equation (37), which can minimize the switching loss and improve the overall efficiency. Figure 7 shows a diagram indicating the extended load range for the bi-directional phase-shifted converter using the proposed control method. The extension of load range is from I ZVS(min) to I ZCS(max) , while there is still a narrow region where the active switches cannot perform either ZVS or ZCS as explained in Figure 7 , which can be eliminated by designing the minimum load of the conventional phase-shifted converter to be the same as I ZCS(max) .
efficiency. Figure 7 shows 
Experimental Results
To verify the theory developed for the proposed control method, two experiments were set up for a performance test. The first one tested a conventional bi-directional phase-shifted converter, which employs a conventional control algorithm, and the second one tested the improved converter using the new control method. These two converters were constructed with an identical configuration, as shown in Table 3 . The experimental prototype is shown in Figure 8 . The improved converter and conventional converter share the same primary side as the topology and all parameters are the same. The switching device in both the primary side and the secondary side of the improved converter is C2M0080120D Silicon Carbide MOSFET (Wolfspeed, Durham, NC, USA) with a maximum Drain-Source voltage of 1200 V and continuous Drain current of 31 A. The rectifier diodes and anti-parallel diodes in both converters are VS-3-EPH03PBF (Vishay Intertechnology, Malvern, PA, USA). A DSP28335 (Texas Instruments, Dallas, TX, USA) module generates the gate signals for the eight switches by ports GPIO0-GPIO7. The resonant capacitor in the primary side is a 310 V polypropylene capacitor. The output filter capacitor of the secondary side is a 450 V aluminium electrolytic capacitor. The transformer has five primary turns and 10 secondary turns, and the diameter of the insulated copper wire is 0.5 mm to reduce the skin effect in switching at 50 kHz. For the primary side and secondary side of the improved converter, the switches use heatsink at the bottom of the Printed Circuit Board (PCB). For the secondary side of the conventional converter, there are only rectifier diodes with TO-247 heatsink above the PCB. The efficiency of the two converters over the designed load range is plotted in Figure 9 , where the range for full load and light load are illustrated in Figures 8a,b , respectively. The Y axis represents the efficiency η, and the X axis represents the output power Pout. The maximum load current IZCS(max) for ZCS can be calculated using Equation (32) as 1.49 A, and the corresponding output power is 268.2 W, which is the boundary of the extended load range. Both of the converters achieve an average efficiency of 95% over the designed load range; however, as shown in Figure 9b , the improved converter operating within the extended load range has a higher efficiency than the conventional converter by 4-8%. Also, the minimum load current IZVS(min) for ZVS can be worked out using Equation(37) as 0.46 A, and the corresponding output power is 82 W. The converter efficiency will drop significantly below this power level. When the output power is higher than 268.2 W, the efficiency of the conventional converters and proposed converters is basically the same as they exhibit a similar performance during soft switching with sufficient energy stored in the resonant inductor. The efficiency of the two converters over the designed load range is plotted in Figure 9 , where the range for full load and light load are illustrated in Figure 9a ,b, respectively. The Y axis represents the efficiency η, and the X axis represents the output power P out . The efficiency of the two converters over the designed load range is plotted in Figure 9 , where the range for full load and light load are illustrated in Figures 8a,b , respectively. The Y axis represents the efficiency η, and the X axis represents the output power Pout. The maximum load current IZCS(max) for ZCS can be calculated using Equation (32) as 1.49 A, and the corresponding output power is 268.2 W, which is the boundary of the extended load range. Both of the converters achieve an average efficiency of 95% over the designed load range; however, as shown in Figure 9b , the improved converter operating within the extended load range has a higher efficiency than the conventional converter by 4-8%. Also, the minimum load current IZVS(min) for ZVS can be worked out using Equation(37) as 0.46 A, and the corresponding output power is 82 W. The converter efficiency will drop significantly below this power level. When the output power is higher than 268.2 W, the efficiency of the conventional converters and proposed converters is basically the same as they exhibit a similar performance during soft switching with sufficient energy stored in the resonant inductor. The maximum load current I ZCS(max) for ZCS can be calculated using Equation (32) as 1.49 A, and the corresponding output power is 268.2 W, which is the boundary of the extended load range. Both of the converters achieve an average efficiency of 95% over the designed load range; however, as shown in Figure 9b , the improved converter operating within the extended load range has a higher efficiency than the conventional converter by 4-8%. Also, the minimum load current I ZVS(min) for ZVS can be worked out using Equation(37) as 0.46 A, and the corresponding output power is 82 W. The converter efficiency will drop significantly below this power level. When the output power is higher than 268.2 W, the efficiency of the conventional converters and proposed converters is basically Energies 2017, 10, 1532 14 of 17 the same as they exhibit a similar performance during soft switching with sufficient energy stored in the resonant inductor. Figure 10 illustrates the switching performance of the improved converter at an output power of 115 W, which lies in the light load region. The ZCS and ZVS are perfectly accomplished by Q 2 at the left leg and Q 4 at the right leg of the inverter bridge, as illustrated in Figure 10a ,b, respectively, where the blue line shows the Drain-Source voltage and the red line represents the Drain current. In Figure 10a , Q 2 switches on under zero current at t = 0 µs. In Figure 10b , Q 4 switches on under zero voltage at t = 6 µs when the drain-source voltage of MOSFET reaches 0 V. The green line at the bottom shows the gate signal voltage of Q 2 and Q 4 , respectively. The primary current and voltage of the transformer in Figure 10c ,d agree well with the proposed theory, as illustrated in Figure 2 .
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The transformer's turn ratio is 1:2 in the prototype, so it is a step-up converter. If the converter is used in the reverse direction, the turn ratio becomes 2:1, and is thus a step-down converter. Therefore, in the experiment of the reverse direction operation, the input voltage is set to 300 Vdc and the designated output voltage is 120 V. The control scheme is unchanged, and the experimental results are presented in Figure 11 . The converter works well and the waveforms of primary voltage and current are the same, as illustrated in Figure 2 . The efficiency of the reverse direction operation is satisfactory and higher than 95% in the normal load range, though it is slightly lower than in the forward direction operation as the turn ratio, input and output voltage, minimum load current to achieve ZVS, and average current passing through the switches are all different, even for the same output power level in the forward and backward direction. The above experiment also demonstrated the capability of a bi-directional operation. As shown in Figure 1 , the topology is symmetrical, except for the position of the resonant inductor L res . Whether the inductor L res locates in the primary side or secondary side of the transformer does not affect the converter's operation because it is the same in the equivalent circuits, as shown in Figure 4b . The only difference is whether the inductance is referred to the primary side or secondary side of the transformer in the calculation, but the result is the same. Thus the converter could operate in the opposite direction by the same control scheme, including light load cases.
The transformer's turn ratio is 1:2 in the prototype, so it is a step-up converter. If the converter is used in the reverse direction, the turn ratio becomes 2:1, and is thus a step-down converter. Therefore, in the experiment of the reverse direction operation, the input voltage is set to 300 Vdc and the designated output voltage is 120 V. The control scheme is unchanged, and the experimental results are presented in Figure 11 . The converter works well and the waveforms of primary voltage and current are the same, as illustrated in Figure 2 . The efficiency of the reverse direction operation is satisfactory and higher than 95% in the normal load range, though it is slightly lower than in the forward direction operation as the turn ratio, input and output voltage, minimum load current to achieve ZVS, and average current passing through the switches are all different, even for the same output power level in the forward and backward direction. results are presented in Figure 11 . The converter works well and the waveforms of primary voltage and current are the same, as illustrated in Figure 2 . The efficiency of the reverse direction operation is satisfactory and higher than 95% in the normal load range, though it is slightly lower than in the forward direction operation as the turn ratio, input and output voltage, minimum load current to achieve ZVS, and average current passing through the switches are all different, even for the same output power level in the forward and backward direction. 
Conclusions
A new control method for the bi-directional phase-shift-controlled DC-DC converter is proposed that can provide a path for reverse power flow and an extended load range for a light load condition. The proposed control method incorporates the gate drive logic for synchronous rectification to further improve the overall performance of the converter. The control method is built on a mathematical model to ensure that soft switching can be realized, especially at a light load condition. The proposed control method also has the advantage of giving the converter a linear output voltage relationship with the phase shift. Coupled with the fast dynamic response characteristics, the proposed converter is particularly suitable for applications such as energy recovery from unsteady sources which fluctuate dramatically. An experimental prototype of a 1.5 kW DC-DC converter with the proposed control method was built to demonstrate its capability of bi-directional power flow and show the higher conversion efficiency, especially at light load, compared to the conventional phaseshifted converter.
